Membrane-anchored adaptor proteins FRS2α/β (also known as SNT-1/2) mediate signaling of fibroblast growth factor receptors (FGFRs) and neurotrophin receptors (TRKs) through their Nterminal phosphotyrosine binding (PTB) domains. The FRS2 PTB domain recognizes tyrosinephosphorylated TRKs at an NPXpY motif, whereas its constitutive association with FGFR involves a receptor juxtamembrane region lacking Tyr and Asn residues. Here we show by isothermal titration calorimetry that the FRS2α PTB domain binding to peptides derived from TRKs or FGFR is thermodynamically different. TRK binding is largely enthalpy-driven whereas the FGFR interaction is governed by a favorable entropic contribution to the free energy of binding. Furthermore, our NMR spectral analysis suggests that disruption of an unstructured region C-terminal to the PTB domain alters local conformation and dynamics of the residues at the ligand-binding site, and that structural disruption of the β8 strand directly weakens the PTB domain association with the FGFR ligand. Together, our new findings support a molecular mechanism by which conformational dynamics of the FRS2α PTB domain dictates its association with either FGF or neurotrophin receptors in neuronal development.
INTRODUCTION
Protein modular domains serve as molecular interfaces for interactions with proteins, nucleic acids and phospholipids that regulate numerous cellular processes ranging from signaling of cellsurface receptors to chromosomal transcriptional regulation in the nucleus (1) . The diverse functionality of these domains has been enriched through evolution such that different structural folds can perform a conserved function or a conserved fold can carry out different functions (2) .
Examples of the former case include the Src homology 3 (SH3) and WW domains, which are structurally different but recognize related proline-rich sequences on target proteins (2) (3) (4) . An example of the latter case is the phosphotyrosine binding (PTB) domain (5, 6) , which is structurally and functionally distinct from the SH2 domain, another conserved protein module that recognizes tyrosine-phosphorylated proteins (7, 8) . The PTB domain adopts an overall fold similar to that of the pleckstrin homology (PH) domain that binds phospholipids and localizes proteins to the cell membrane (9) . The prototypical PTB domains of the signaling proteins Shc and insulin receptor substrate 1 (IRS-1) preferentially bind to phosphorylated proteins containing an NPXpY motif, where pY is phosphotyrosine and X is any amino acid, with hydrophobic residues Nterminal to the sequence conferring additional specificity (10) (11) (12) (13) (14) (15) (16) . Recent studies show that PTB domain-like protein modules can also bind to proteins independent of tyrosine phosphorylation or even to those lacking the canonical NPXY motif. For instance, the PTB domains of X11 and Fe65 bind to an NPTY sequence in the β-amyloid precursor protein (17) (18) (19) . The Drosophila Numb
The versatility of the PTB domain superfamily is further underscored by a conserved PTB domain identified at the N-terminus of the membrane-anchored adaptor proteins, FRS2α/β (fibroblast growth factor receptor substrate α/β; also known as SNT-1/2 for suc1-associated neurotrophic factor target) (26) (27) (28) (29) . This single FRS2 PTB domain is capable of binding different neurotrophic receptor targets in highly conserved regions that do not necessarily share any detectable sequence homology, linking receptor activation to Shp2 tyrosine phosphatase and the Ras/MAPK pathway in neuronal differentiation (30, 31) . Specifically, the PTB domain of FRS2α has been shown to recognize tyrosine-phosphorylated neurotrophin receptor (TRK) at a site containing the canonical ψXNPXpY motif, where ψ is a bulky hydrophobic residue (32, 33) , and more recently to the IENKLpY sequence of the oncogenic glial cell-derived neurotrophic factor receptor RET (34, 35) . Strikingly, it can also bind to the juxtamembrane region of FGFR independent of receptor phosphorylation, in a segment not even containing any Tyr and Asn residues (36, 37) . Our recent solution structure of the FRS2α PTB domain in complex with a peptide derived from FGFR1 shows that the protein adopts a typical PTB domain fold consisting of a β sandwich of two nearly perpendicular anti-parallel β sheets capped by a C-terminal α helix (38) . Our structural and biochemical studies have concluded, however, that an eighth β strand Cterminal to the α helix unique to this particular PTB domain is critical for its association with FGFR1 but not for TRK.
In an effort to understand the mechanisms by which one protein modular domain interacts with divergent targets, we have characterized the thermodynamic properties of FRS2α PTB domain binding to FGFR1-and TRK-derived peptides by using the technique of isothermal titration calorimetry (ITC). We found that the free energy of the FRS2α PTB domain interaction by guest on http://www.jbc.org/ Downloaded from with FGFR1 peptide is primarily entropy-dependent, in contrast to that of the enthalpy-dependent TRK peptide binding. Furthermore, we show by ITC and NMR analyses that truncation of residues C-terminal to the PTB domain causes structural perturbation of β8, which in turn results in alteration of local conformation and/or dynamics of the ligand-binding site residues in their binding to FGFR1 or TRK. These new results strengthen our hypothesis that local conformational perturbation involving the β8 region serves to modulate FRS2α PTB domain association with either FGF or neurotrophin receptors. 
EXPERIMENTAL PROCEDURES
Peptide Synthesis -Peptides used in this study were chemically synthesized at Mount Sinai School of Medicine Protein Core Facility with Fmoc/HBTU chemistry on a MilliGen 9050 peptide synthesizer. Phosphotyrosine was incorporated using the reagent Fmoc-Tyr(PO 3 H 2 ) with HBTU/HOAt activation and extended coupling times for the tyrosine and all subsequent residues. The peptides were purified by reverse-phase high performance liquid chromatography, and their compositions were confirmed by mass spectrometry.
Protein Preparation -A cDNA fragment encoding the FRS2α PTB domain (residues was subcloned into a modified bacterial expression pET28b vector (Novagen) to produce a recombinant protein with a cleavable hexa-histadine (His 6 ) tag at the C-terminus, as described previously (38) . cDNA fragments containing the desired FRS2α segments consisting of residues 11-139, 11-131, 11-122, 11-114 and 11-111 were individually cloned into the pET15b vector Table 1 ). The relative entropic and enthalpic contributions to the PTB domain/FGFR1 peptide association remain largely the same between pH 8.0 and pH 7.0.
Recognition of Tyrosine-Phosphorylated NPXpY Peptides -The FRS2α PTB domain binding to tyrosine-phosphorylated NPXpY motif-containing TRK peptides is also exothermic and the stoichiometry of the protein/peptide complexes is 1:1 (Fig. 1B) . However, in contrast to the thermodynamic profile of FGFR1 interaction, the relative magnitudes of the entropy and enthalpy contribution to the free energy of the TRK peptide binding were reversed (Table 1) .
Nevertheless, the overall free energies of association were similar between the PTB domain interactions with these two different classes of receptor ligands. The predominant contribution to TRK binding is enthalpic at pH 8.0: TRKA (∆H = -5.0 kcal/mol, T∆S = 1.5 kcal/mol) and TRKB (∆H = -4.8 kcal/mol, T∆S = 2.1 kcal/mol) ( Table 1) . Similarly, at pH 7.0, the molecular recognition of the tyrosine-phosphorylated TRK peptides is also driven by a large, favorable enthalpy contribution. Notably, the affinity of the PTB domain binding to both FGFR1 and TRKA/B peptides is slightly higher at pH 7.0 than pH 8.0, resulting from a small increase of enthalpy change compensated by a reduction of entropy contribution. However, the overall magnitudes of the relative entropy and enthalpy contributions to the free energy of binding in both FGFR1 and TRK interactions remain the same between pH 7.0 and 8.0. In order to delineate the elements critical for the FRS2α PTB domain recognition of NPXpY motifcontaining ligands, we performed titration studies with several mutant peptides. Tyrosine phosphorylation is required, as the unphosphorylated TRKA peptide exhibited no observable binding to the PTB domain by ITC ( Table 1) . The TRKA (A-5) mutant, which contains a single amino acid substitution of Ala for Ile at the pY-5 position, showed that binding affinity is more than 2-fold weaker than that of the wild type TRKA at both pH 8.0 and 7.0, despite a similar thermodynamic profile (Table 1) . (Table 1 ) (41) . While formation of new intermolecular hydrophobic and electrostatic interactions can account for the large negative enthalpy change of the complex formation, the small entropic penalty may result from the following: (i) a decrease of conformational entropy of residues that are directly involved in peptide binding and become more rigid upon the complex formation; and (ii) a reduction of translational entropy of the protein and peptide upon association. These results support a notion that the two FRS2α and IRS-1 PTB domains employ an analogous mode of interaction in their recognition of NPXpY-containing peptides ( Fig. 2A and 2B).
Effect of Protein C-terminal Truncation on Receptor Peptide
Binding -The structure of the FRS2α PTB domain/FGFR1 peptide complex shows that the peptide wraps around the protein to establish extensive interactions (Fig. 2A) . The C-terminal QVTVS segment of the peptide (residues 426-430 in FGFR1) adopts an anti-parallel β-strand sandwiched between β5 and β8 of the PTB domain to form an intermolecular β-sheet. The unique β8 strand, extended from the Cterminal α helix (α1), is not found in other known PTB domain structures. To investigate the functional role of β8 in the FRS2α PTB domain, we performed ITC studies to examine Cterminal truncation effects on FRS2α binding to FGFR1 and TRK peptides. FRS2α proteins consisting of residues 11-140, 11-139, 11-122, 11-114 and 11-111 were used in these truncation studies ( Fig. 3A and 3B) . ITC measurements showed that truncation of amino acid residues Cterminal to β8 did not seem to affect the PTB domain binding to FGFR1 peptide at pH 8.0 and 7.0. However, disruption of β8 conformation in the truncated FRS2α protein (residues that lacks the last residue of β8 resulted in a marked reduction in binding affinity, i.e. nearly 4-fold at pH 8.0, likely through affecting the direct intermolecular interactions between β8 and β' in the anti-parallel β sheet (Table 2) . Furthermore, in the protein (residues 11-111) completely lacking β8, this decrease in affinity for FGFR1 binding was even more dramatic, although the actual K D could not be determined due to a significantly reduced heat change observed in the ITC titration. Likewise, binding of these two β8 truncated proteins to FGFR1 was not observed at pH 7.0 by ITC. In comparison with the full-length PTB domain, the same C-terminal β8 truncation resulted in no substantial changes in binding affinity or thermodynamic parameters in the PTB domain interaction with the TRKA peptide at pH 8.0 or to the sequence homologous TRKB peptide at pH 7.0 (Table 2) . It is important to note that the series of C-terminal truncations did not significantly alter the distinct thermodynamic modes of interaction of the PTB domain binding to either FGFR1 or TRK peptides. Together, these results demonstrate that β8 is indeed important for the FRS2α PTB domain binding to FGFR but not for its interaction with TRKs, and that either truncation or disruption of the β8 region greatly impairs FGFR binding. Interestingly, our findings are complemented by a recent study that shows alternative splicing of FGFR1 involving its juxtamembrane region residues V427 and T428, which directly interact with β8 of the PTB domain, affects the receptor association with FRS2α (44). (Fig. 3C and D) . Patterns of NMR resonances of the FRS2α PTB domain bound to FGFR1 or to TRKA peptide are significantly different (Fig. 3C and D) , arguing that the PTB domain contains structural differences, at least for residues at the ligandbinding site, correlating with different receptor recognition modes.
Effect of Protein C-terminal Truncation on Ligand-Binding Site Conformation
Comparison of the HSQC spectra of the PTB domain, in complex with either FGFR1 or TRKA peptide, reveals that the overall pattern of backbone signals in each complex remained similar among the proteins with various C-terminal truncations. Notably, several protein residues in each complex (enclosed by red dashed lines in Fig. 3C and D) emerged as two separate resonance peaks as more C-terminal residues were truncated. These separate resonances could not be due to the presence of both the free and ligand-bound forms, because (i) the free form protein is not stable and would precipitate out the solution under these NMR conditions; and (ii) all NMR samples of the FRS2α PTB domain in complex with FGFR1 or TRKA were prepared with the peptide in molar excess, which ensures that the protein was fully saturated with ligand.
Notably, while the residues that showed double resonances in the TRKA-bound form remain to be assigned, those in the FGFR1-bound complex (including residues L47, W57 and S76) are located near the ligand-binding site in the PTB domain. Therefore, these double resonance peaks in the NMR spectra may reflect differences in local conformation and/or dynamics of the protein residues at the ligand-binding site, which correspond to two distinct modes for receptor peptide recognition. These two distinct conformations of the protein are both stable and in slow exchange on the NMR timescale. Specifically, three bulky hydrophobic residues V429, V427 and V414 of the FGFR1 peptide intercalate into the hydrophobic core of the PTB domain from either side of the β-sandwich and form extensive interactions with over 13 protein residues (38) . For such a highly specific complex, the enthalpy change would be expected to be much larger than that observed. However, The FRS2α PTB domain binding to tyrosine-phosphorylated TRK peptides is much more exothermic than that to FGFR1, despite the fact that the latter ligand has a significantly greater number of residues that contact with the protein (as least 22 residues) than the former peptide (at most 12 residues). The large favorable enthalpy contribution associated with TRK binding could be due to intermolecular hydrophobic, electrostatic and hydrogen bonding contacts established in the complex. While the structure of the FRS2α PTB domain in complex with a tyrosinephosphorylated NPXpY-containing TRK receptor remains to be determined, several lines of evidence suggest that the mode of this molecular recognition is similar to that of the IRS-1 PTB domain binding to the IL-4R peptide (Fig. 2B) . Supporting evidence include: (i) Both PTB domains require the canonical NPXpY motif and its N-terminal bulky hydrophobic residues for ligand specificity (11, 38) ; (ii) The two key solvent-exposed arginine residues, R63 and R78 in FRS2α (38) and R212 and R227 in IRS-1 (11), essential for phosphotyrosine binding are located in structurally analogous positions in the corresponding proteins (Fig. 2) ; and (iii) Both PTB domains bind to tyrosine-phosphorylated peptides in an overall enthalpy-driven interaction, which is exemplified by an NPXpY-containing peptide from IL-4R (Table 1) . These results clearly show that both the extent of protein conformational change and the thermodynamic modes of interaction are different in FRS2α PTB domain binding to the NPXpY motifcontaining TRK or the FGFR1 peptides.
The distinct thermodynamic modes of interaction reflect differences in the structural characteristics of FRS2α PTB domain binding to these two unrelated receptor sequences. The FRS2α and IRS-1 PTB domains share high homology in overall sequence and structural topology, and recognize the NPXpY-containing peptides in a thermodynamically similar manner.
The amino acid sequences and structures of the two PTB domains align extremely well but only through the β7 strand (38) . Surprisingly, the FRS2α region (residues 116-136, C-terminal to the β8 strand) that exhibits high sequence homology (~45% identity) to the C-terminal α helix in the IRS-1 PTB domain is structurally disordered (Fig. 2) . The loss of helical conformation in that region of FRS2α is perhaps due to the presence of multiple proline residues that disrupts helical propensity. This divergence in the FRS2α sequence is accompanied by a new helix-forming insert (comprising residues 94-107), which is structurally analogous to the C-terminal α-helix in the IRS-1 PTB domain that blocks one side of the β-sandwich ( Fig. 2A and 2B ). Despite their structural homology in overall three-dimensional fold, the helices are encoded by very different, divergent amino acid sequences in the two PTB domains. Moreover, residues 111-115 in FRS2α, corresponding to a sequence-homologous loop between β7 and α1 in IRS-1, form β8 that interacts extensively with β' of the FGFR1 peptide in an anti-parallel β sheet (Fig. 2) . Finally, our binding studies showed that β8 is essential for FRS2α PTB domain binding to FGFR1 but not TRK peptides (Table 2) 
Figure 2
Yan et al.
Figure 3
Yan et al. 
